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Abstract. Transfer of !?7Cs among compartments of terrestrial microcosms was 
studied using microcosms of increasing complexity. By adding one compartment at a time 
the role of each compartment in the kinetics of such systems can be evaluated. The 
results show that microbes, millipedes, snails and green plants significantly affect the 
Io kinetics of the investigated microcosms, and that the effect of a compartment on 
mineral turnover relative to the mineral content of that compartment may vary by two 
orders of magnitude. 

In an eight-compartment model, initial 13708 dissipated from leaf litter to microflora, 
millipedes, snails, green plants, sand, soil organic matter and soil leachate. Millipedes 
and snails reached equilibria and highest concentrations within a month. In contrast 
there was a steady accumulation of 137c& in sand, soil organic matter, and soil leachate. 

Analog computer simulations of the 137Cs kinetics of various systems provided new 
insight in pathways and rates of turnover and stressed the importance of close contact of 


the investigator with both the experiment and the simulations. 


Introduction 


A previous paper described kinetics of !?7Cs in a decomposer system with leaf litter, milli- 
pedes, soil and soil leachate, using laboratory synthesis of progressively more complex microcosms 
and an analog computer to quantify the !37Cs intercompartmental transfer (Patten and Witkamp 
1967). The present paper describes a similar experiment using improved laboratory techniques, 
namely: 


1. the number of compartments was increased from five to eight; 

2. the number of compartments in which !?7Cs was measured periodically was increased from 
one to four; 

3. an orthogonal experiment design of triplicates was used to analyze the role of millipedes, 
snails, and green plants; 

4. the duration of the experiment was increased from 18 to 149 days; 

5. the area of the microcosm was increased from 15 to 113 cm?; 

6. changes in weight of several compartments were related to corresponding changes in !??Cs 
contents. 


The results are used first to describe net movement of !?7Cs among compartments, and second, 
to quantify all movement between compartments using simulation of the system with an analog 
computer and a first-order model. The merits of these approaches will be compared. 


Materials and Methods 


The microcosms consisted of various combinations of leaf litter, microflora, millipedes, 
snails, plants and soil contained in clear plastic boxes. These systems were incubated in a 
greenhouse for five months. At the beginning of the experiment only the leaf litter contained 
137Cs, Monthly measurement of the !?7Cs distribution in the system was used to describe !?"Cs 
kinetics among the various compartments. 
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Twenty-seven boxes (13 cm in diameter, 13 cm high) were seated, nine in a row at a 5? slant 
on three racks. Three small holes in the lids provided aeration. A small spout plugged with 
glass wool and a cork stopper at the low side allowed drainage of soil leachate. The boxes were 
incubated from November 30, 1964, until April 28, 1965. Temperatures in the boxes varied be- 
tween 0 and 30 C. All direct sunlight from higher than 20° above the horizon was intercepted in 
order to avoid excessively high temperatures. 

Each box contained about 5.3 g dry wt of about one-month-old litter of tulip poplars (Lirioden- 
dron tulipifera L.) from a second-growth stand which previously had been tagged with !?7Cs 
(Auerbach et al. 1964). The !?7Cs concentration of the leaves was approximately 50,000 dpm/g 
dry wt. The litter was placed on top of 200 g of washed Ottawa sand. Boxes, litter and soil 
were then sterilized with 12% ethylene oxide (16 hr, 8 psi, 40 C) and repeatedly exhausted to 
remove residual gas. A triplicate series of boxes, which were to remain sterile, was moistened 
until saturated using an atomizer with sterilized litter-and-soil solution (100 g litter and soil 
shaken for 15 min in 1 liter of water) The small holes in the lids of this series were covered 
with pieces of fiberglass matting. Allother boxes were moistened in the same way with a non- 
sterilized aliquot of the solution after all but three boxes had received all possible combinations 
of millipedes, snails and plants in triplicate. 

The millipedes [Dixidesmus erasus (Loomis)] and snails (Paravitrea sp.) were freshly collected 
from untagged tulip poplar litter. Fifteen millipedes (260 mg dry wt) and two snails (300 mg wet 
wt) were added to the appropriate boxes. Ten seeds of a legume (Amorpha fructicosa L., indigo 
bush) were added to each designated box. After 1, 2, 3, 4, and 5 months of incubation, a beaker 
with 3 ml KOH, 1 V, was exposed for 3 hr in the boxes with aeration holes temporarily sealed. 
The absorbed CO, was measured titrimetrically. Subsequently, all systems were rewetted with 
tap water, using the atomizer, until 10 ml of leachate had dripped through the temporarily opened 
spout into a counting tube. Then the !?7Cs contents of leaf litter, millipedes, snails and leachate 
were measured separately using scintillation counters. Dead snails and millipedes were returned 
to the systems and replaced by untagged live ones. The plants which grew too large were 
harvested after four months. Their !??Cs content and weight were measured and they were re- 
turned to the litter. Ten new seeds were added for replacement. After five months all compart- 
ments were dried and weighed and the !?7Cs contents were measured. Soil organic matter was 
separated from the sand with a vacuum line. The !?7Cs content of inorganic soil was corrected 
for shielding (10%). Leachate included the '*’Cs in the glass wool from the spout. 

The amounts of !37Cs in the various compartments were expressed as percent of the initial 
137Cs content of the litter. Discrepancies between the sum of these percents and 100%, after 
five months, were distributed over all compartments proportional to their !1??Cs contents. Final 
microbial accumulation of !?7Cs was computed as the difference between the measured accumula- 
tion in leaves with microflora and the calculated accumulation of sterile leaves of the same 
weight. The latter was assumed to equal the fraction of the initial weight remaining x the frac- 
tion of the initial !?7Cs remaining in the sterile series (for which no weight loss could be meas- 
ured during the five months of inoculation) x the initial !37Cs content of the leaves. The rationale 
for this calculation is based on the proportionality between loss of weight and of !??Cs (Olson 
and Crossley 1963, Witkamp and Crossley 1966, this article). 

Analog computer simulations were made using a TR 48 with simultaneous repeated operation 
display of four of the maximum of five compartments of the model. The display enabled immediate 
evaluation of any significant change in ! "Cs accumulation or loss in the various compartments 
as a result of change in the rate constant for any connection among the compartments. The five- 
compartment model provided all possible connections among compartments (Fig. 1), but only 
minimum numbers of connections necessary for fitting simulation curves to the data were used. 
The maximum of eight compartments of the microcosms could be simulated with the five-compart- 
ment model by combining compartments. Three- and four-compartment models were made by 
closing all connections to and from one or two of the five compartments respectively. 


637 


Fig. 1. Five-compartment model. 


The model is symmetrical for all compartments with the exception 


of compartment 0 (litter) which has the initial '37Cs input, and compartment 4 (leachate) which is a sink 


with input only. 


After five months of incubation, movement of !?7Cs from litter into the other compartments 


Results 


showed close agreement within triplicates and significant differences between various combina- 
tions of compartments (Table 1). The sterile leaves had lost 40% of their initial !?7Cs with no 
appreciable loss of weight or evolution of CO, (Table 2, Fig. 2a). In contrast, leaves with micro- 
flora had lost only 14% of their !?"Cs as a result of microbial immobilization (Fig. 2b), and 10% 
of their weight as a result of microbial decomposition. Multivariate analysis of variance of all 
systems with natural microflora showed that the effects of millipedes, snails, and plants, as well 
as the millipede-snail interaction, significantly (P < 5%) affect the final !?7Cs distribution. 


Table 1. Percent of initial !?7Cs from tulip poplar leaves in microcosms with various combinations of 


sterile leaves (1), leaves with microflora (L), millipedes (M), snails (S), and green plants (P) after 


5 months of incubation and leaching by simulated rain (means of triplicates + S. E.) 


Leaves 

Compartments Without 

Microflora 
1 60.3 +1.2 
L 49.7 £0.3 
L+M 33.5 t 0.8 
L+S 37.2 3.0 
L+ P 49.5 * 0.3 
L+M+S 24.2 1.2 
L+M+P 39.9 +1.6 
L+8+P 42.4 + 0.7 


L+M+S+P 27.023.5 


Microflora  Millipedes 


36.0 
10.8 
21.5 
36.6 
8.1 
6.5 
25.5 
8.4 


t 0.8 
t1.8 0.4 t0.1 
t3.6 
12.9 
t1.6 0.2t0.1 
3.1 0.5 +0.1 
t2.9 
*1.4 0.4 50.1 


Snails 


2.2 


1.1 


1.3 
1.0 


t 0.9 


+0.3 
* 0.1 


Plants 


0.4 


1.6 
0.6 
1.5 


t 0.2 


t 0.2 
t0.1 
*1.4 


Mineral 
Soil 


27.5 
10.1 
27.6 
18.9 

9.0 
31.6 


27.9 + 


19.1 
32.9 


Organic 
Soil 


t0.2 
* 0.4 
£227 
t4.3 
t 0.2 
t1.9 
£3.2 


Leachate 
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Table 2, Leaf decay, evolution of co,, and accumulation of organic matter in soil in microcosms of 


various complexity after 5 months of incubation and leaching (means of triplicates) 


Accumulation of 


Components of Weight Loss by Evolution of co, Organic Matter 
Microcosm Leaves (%) (0.01 ml/hr box) (% of initial leaf weight) 

1 -1.5 1.6 

L 10.3 30 0.6 
L+M 42.8 48 15.6 
L+S 32.1 52 12.8 
L+P 9.7 29 1.9 
L+M+S 56.1 66 20.4 
L+M+P 31.9 45 12.4 
L+S+P 20.3 50 4.5 
L+M+S+P 48.4 57 14.4 
100 
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60 
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T 
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PERCENT OF TOTAL '37Cs 
8 
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Fig. 2. Percent of total 137Cs in various compartments and analog computer fitted curves for 5 months 
of incubation. Dashed curves are fitted to beginning and end point only. Points are means of triplicate 


measurements. 


Millipedes accumulated a maximum of 0.7% of the total !?7Cs in the system during the first 
month. From then on, their ! *?Cs concentration declined along with that of their leaf substrate 
(Fig. 2c). Snails, with slower turnover than millipedes, accumulated up to 2.6% during the first 
one or two months, after which their concentration declined also (Fig. 2d). However, the effect 


of snail activity on the !??Cs distribution in the systems (F; 12 7 40) was smaller than that of 
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the millipedes (F; ,, = 60). The activity of the millipedes reduced microbial immobilization 
three- to fivefold (Table 1) and increased losses of !37Cs and weight from litter by 41 and 32% 
over those of litter without millipedes respectively. Corresponding losses caused by snails were 
only 27 and 22% even though more CO, was generated in systems with snails than in systems 
with millipedes. Consequently, a larger volume of CO, was evolved per gram of litter lost in the 
presence of snails than in the presence of millipedes. Presumably more microflora remained, 
and the ingested food, especially cellulose, was decomposed further in boxes with snails than 

in boxes with millipedes. Subsequently, 17% less !?7Cs reached the soil in systems with snails 
than in those with millipedes. In microcosms with snails and millipedes together, their combined 
effect on transfer of '37Cs and weight, as well as on CO, evolution, surpassed the effects of 
either species but was less than the corresponding sums of the effects of both species (Tables 
1, 2) 

Plants had a less significant (P < 2.5%) effect on the !?7Cs movement in the microcosms 
than did millipedes or snails (P < 1%). Average dry weight of the plants was 181 mg per box. 
They accumulated from 0.4 to 1.5% of the !??Cs. Loss of !?7Cs from litter with animals was 
higher in the presence of plants than in the absence of plants possibly because systems with 
plants provided a more suitable environment for the animals. 

In the presence of plants, loss of weight by litter was lower than in their absence partly be- 
cause the harvested four-month-old plants and dead plant parts were included in the litter weights. 
For nonsterile systems without plants, losses of weight and of !?7Cs were highly correlated (r = 
0.99, n = 12). A loss of 0.84% of weight corresponded with a 1% loss of !??Cs. All rates of CO, 
absorption tended to decline probably as a function of the declining amount and degree of avail- 
ability of nutrient substrate during the experiment. The measured rates and thus the calculated 
volumes of CO, evolved are too high because the periodic absorption not only measures CO, 
evolved, but also co, that was stored in litter and soil. Nevertheless, mean cumulative CO, 
evolution of all nonsterile systems (n = 24) was significantly correlated with both loss.of 137Cs 
(r = 0.79) and loss of weight (r = 0.81) from litter. Evolution of CO, in all systems with plants 
was, as expected, lower than in corresponding systems without plants because of photosynthetic 
activity during the daytime measurements. 

The more rapid loss of !??Cs than of weight by the leaves resulted in final !*?Cs concen- 
trations (dpm/g dry wt) which were between 40% lower in sterile leaves and 5% lower in leaves 
with microflora than in the original leaves. The final concentration of !??Cs in litter with milli- 
pedes was 23% lower than in the original leaves, whereas concentrations in the millipedes were 
four times lower than those of their substrate. This compares with about three times lower !??Cs 
concentrations in saprovores than in leaves, reported by Reichle and Crossley (1969). Plants had 
137Cs concentrations somewhat higher than those of the litter and soil organic matter. The final 
137Cs concentrations in organic matter were intermediate between the initial and final leaf con- 
centrations. In general, concentrations in the litter-associated fauna decreased with those of the 
litter, while those of plants and possibly also those of soil organic matter, increased with the 
accumulation of !??Cs in the soil. 

Computer simulation (Table 3, No. 1) of the sterile system shows that a strong exchange be- 
tween litter and soil is required in order tu obtain net transfer curves that will fit the data points. 
Each month almost one-fifth of the !37Cs of the litter moves into the soil (A, ,) while simultane- 
ously more than one-third of the 137Cs of the soil moves back into the litter (A,,). The close 
fits of the simulated curves to the data points indicate that the first-order relationships of the 
model are adequate to describe the '37Cs kinetics (Fig. 2a). The slightly decreasing rate of 
influx of 137Cs in the leachate makes it necessary that its '*’Cs comes from litter (A, , = 2.8) 
rather than from the soil (A, , = 0). 

In the system with microflora (Fig. 2b; simulations 2 and 3), the flow of !??Cs to leachate as 
well as to soil appears to be reduced to about one-sixth of that in the sterile system. The reduced 
curvature of the decaying leaves as compared to that of the sterile leaves indicates a reduction 
in feedback (A, ,) from soil to litter. Instead, there is strong accumulation (immobilization) of 


Table 3. Rate constants (A)* for 10 different combinations of compartments 


Simulation No, 1 2 3 4 5 6 7 8 9 10 
Compartment O Sterile Leaves with Leaves without Leaves with Leaves with Leaves with Leaves with Leaves without Leaves without Leaves with 
leaves microbes microbes microbes microbes microbes microbes microbes microbes microflora 
1 Microbes Millipedes Snails Fauna Fauna Fauna Fauna Fauna 
2 Organic soil Microbes Microbes Plants 
3 Soil Soil Soil Soil Soil Soil Mineral soil Soil Soil Soil 
4 Leachate Leachate Leachate Leachate Leachate Leachate Leachate Leachate Leachate Leachate 


Rate constant 


(%/month) 

À01 D] 0 18.8 4.0 10.8 13.2 13.2 13.2 13.2 13.2 
02 0 0 0 0 0 0 1.6 7.2 7.2 0 
03 19.2 3.4 3.4 24.4 3.2 14.8 11.2 14.8 14.8 26.0 
04 2.8 0.6 0.6 0.6 1.6 1.2 1.2 1.2 1.2 0.8 

Alo 0 0 18.8 0 0 0 0 0 0 0 
12 0 0 0 0 0 0 395.2 0 0 0 
13 0 0 2.8 395.2 273.2 395.2 0 395.2 395.2 395.2 
14 0 0 0.6 0 o o 0 0 0 

A20 0 0 0 0 (o 0 0 1.2 1.2 4.0 
21 0 0 0 0 0 0 0 0 26.0 4.0 
23 0 0 0 0 0 0 399.6 24.0 0 0.8 
24 0 o 0 0 o 0 5.2 1.6 1 0.8 

A30 34.4 17.2 17.2 20.8 18.4 8.8 8.8 8.8 8.8 22.4 
31 0 0 0 0 0 [] 0 0 0 0 
32 0 0 0 0 0 0 286.8 0 0 0.8 
34 0 0 0 12 0 3.2 1.2 3.2 3.2 2.4 

Plotted in Fig. 1a 1b 1b 1c ld 2c 2a 2b 2b 


* 
Asi signifies the percent of 137C5 in compartment 0 moving per month to compartment 1. 
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137Cs in the microflora with feedback to the litter and only little transfer from microflora to soil 
and leachate. 

Millipedes (Fig. 2c; simulation 4) cause a direct transfer of !?7Cs from litter to soil possibly 
in the form of detached leaf fragments or increased leaching. Only one-seventh of the leaf !??Cs 
appears to go into the millipedes, practically all of which is passed on to the soil. Return of 
137Cs from soil is also increased by the millipedes possibly as a result of burrowing, walking, 
reduction of the microflora, and the formation of a pool of relatively available !?7Cs in humus. 
The last two reasons may also account for the first appearance of leaching of !?7Cs from soil 
Aza) 

Snails (Fig. 2d; simulation 5) do not seem to add !37Cs directly to soil from litter. Their 
uptake of !??Cs from litter is about three times higher than that of millipedes. Subsequent trans- 
fer of ingested !??Cs to soil is lower than for millipedes, however. 

Combination of both animal species to a compartment ‘‘fauna’’ shows leaching and ingestion 
of !?7Cs from litter much like in systems with snails, and transfer to soil intermediate between 
systems with millipedes or snails (Fig. 3a; simulation 6). Feedback from soil to litter is rela- 
tively small as evidenced by the rapidly converging !?7Cs concentrations in litter and soil. 

Dividing the !??Cs in soil into organic and mineral fractions (Fig. 2a; simulations 6 and 7) 
Should not affect rate constants for transfer from litter to leachate and millipedes, and the sum of 


100 - 
* LITTER 
© SOIL 
80 ^ LEACHATE | 


^ FAUNA 


60 


40 


80 


PERCENT OF TOTAL ‘37Cs 


60 |— LITTER 
WITHOUT 
MICROFLOI 


40 


MONTHS 


Fig. 3. Percent of total 137Cs in litter, fauna, soil, and leachate and analog computer fitted curves for 
5 months of incubation. Dashed curves show probable accumulation of 137Cs in organic and mineral 
fractions of soil (a), and in microflora and litter without microflora (b). Points are means of triplicate 
measurements. 
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the constants to these fractions should approximately equal the constant for transfer from litter 
to soil. In simulation 7 almost all of the ingested !?7Cs was transferred from fauna to soil 
followed by a pronounced exchange between organic and mineral fractions of the soil. Because 
of the complexity of the system, several combinations of rate constants may yield equally well- 
fitted curves, 

Two examples of such combinations with identical results (Fig. 3b) are given in simulations 
8 and 9. In both simulations, equal amounts of !?"Cs move from litter into fauna, microbes, soil 
and leachate. In 8, the !?7Cs of the microflora goes directly into the soil (À ,,), whereas in 9, 
the !?7Cs in the microflora reaches the soil via the fauna. Both simulations are widely different 
from simulation 3 in which almost all 137Cs in the microflora was returned to the leaves. 

The !?7Cs kinetics in a microcosm with green plants (simulation 10, 4 months only) would 
indicate that their monthly uptake was less than 1% of the !?7Cs in the soil. The exchange of 
137Cs between litter and soil (54, A39), however, was larger than in any other simulation, pos- 
sibly as a result of !??Cs uptake from soil by plants and return to the litter in the form of 
dead leaves. 


Discussion 


Statistical analysis of final !?7Cs distribution, analysis of graphs showing the net dynamics 
of !?7Cs distribution, and analog computer simulation of !?"Cs kinetics in the various microcosms 
all show significant effects of microflora, millipedes, snails, and plants. The magnitude of these 
net effects is in no way proportional to the amount of !??Cs in the causal compartment. For 
instance, microflora turned over only 10% of the litter but contained one-third of the !?7Cs of the 
system. In contrast, millipedes turned over one-third of the litter and contained less than 1% of 
the !?7Cs. Thus the effects by microbes and millipedes on net !??Cs kinetics relative to their 
137Cs contents differed by two orders of magnitude. 

The relationship between a compartment and its effect on mineral turnover is better indicated 
by the rate constants describing the inputs and outputs of !?7Cs of the compartment. The rate 
constants also provided insight into pathways and their relative importance that was not available 
from the usual description of net !?7Cs dynamics. Rate constants and pathways for litter to soil 
and leachate, especially in the three- and four-compartment systems are well defined, and changes 
in the order of 0.5%/month may greatly reduce the fit. As a result, valuable information is ob- 
tained concerning the relative sensitivity of the various connections in the system. In five- (and 
more) compartment systems several alternate pathway and rate constant combinations will yield 
identical results, especially for coupled systems with many interactions. In these cases close 
knowledge of appearance and daily history of the microcosms and data other than '*7Cs contents, 
as well as close contact with the systems analysis by either analog or digital computer, are 
required for correct interpretation of the results. Simulation may yield optimal but nonrealistic 
fits within the limits of experimental variation. This was shown for alternate pathways in simu- 
lations 8 and 9. The decreased visible hyphal development and calculated microbial accumulation 
of !1?7Cs in systems with fauna, and large amounts of hyphal fragments in fresh animal excrements, 
favor the pathway with transfer of 137Cs from microbes through fauna to soil. 

The assumption that !?7Cs output of a compartment is a constant fraction of its !?7Cs con- 
tent seems reasonable for such processes as leaching, absorption, diffusion, dispersion, consump- 
tion and root uptake. This agrees with the close fits of the simulations to the data points based 
on the model using first-order relationships. 

In summary, it appears that net rates of transfer as plotted in Figs. 2 and 3 provide net rates 
of loss and gain and equilibrium levels for minerals in various compartments. Times to establish 
equilibria and confidence levels for mineral concentrations can be derived. The computer simu- 
lations add a new insight in pathways and their rate constants and sensitivity for the less com- 
plex systems. This knowledge will enable additional prediction on systems stability and possibly 
of behavior under conditions different from those of the experiment (Patten and Witkamp 1967). On 
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the other hand, simulation data, especially of the more complex systems, will be subjective, and 
close contact of the investigator with both the experiment and the simulations is necessary. 
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